Treatment with thyroid hormone (TH) results in shrinkage of a thyrotropic tumor grown in a hypothyroid host. We used microarray and Northern analysis to assess the changes in gene expression that preceded tumor involution. Of the 1,176 genes on the microarray, 7 were up-regulated, whereas 40 were decreased by TH. Many of these were neuroendocrine in nature and related to growth or apoptosis. When we examined transcripts for cell cycle regulators only cyclin-dependent kinase 2, cyclin A and p57 were down-regulated, whereas p15 was induced by TH. Retinoblastoma protein, c-myc, and mdm2 were unchanged, but E2F1 was down-regulated. TH also decreased expression of brain-derived neurotrophic factor, its receptor trkB, and the receptor for TRH. These, in addition to two other genes, neuronatin and PB cadherin, which were upand down-regulated, respectively, showed a more rapid response to TH than the cell cycle regulators and may represent direct targets of TH. Finally, p19ARF was dramatically induced by TH, and although this protein can stabilize p53 by sequestering mdm2, we found no increase in p53 protein up to 48 h of treatment. In summary, we have described early changes in the expression of genes that may play a role in TH-induced growth arrest of a thyrotropic tumor. These include repression of specific growth factor and receptors and cell cycle genes as well as induction of other factors associated with growth arrest and apoptosis. (Endocrinology 143:
A MONG THE MANY diverse actions of thyroid hormone (TH) on metabolism, development, and differentiation is its unique and vital role as a negative regulator of thyrotrope cell function. In addition to being responsible for inhibition of TSH secretion (1) and transcriptional repression of the ␣-and TSH␤-subunit genes (2) , it also plays a regulatory role in the control of thyrotrope cell proliferation within the pituitary gland (3) . Protracted hypothyroidism in humans as well as in mice causes high plasma levels of TSH and pituitary enlargement due to hyperplasia of thyrotrope cells as a result of lack of negative feedback regulation by TH (4) . Treatment of hypothyroid patients with TH not only corrects the symptoms of hypothyroidism but also reverses the pituitary enlargement. The mechanism underlying this cell-specific antiproliferative effect of TH is currently unknown. The mouse TtT-97 thyrotropic tumor is a well differentiated thyrotrope hyperplasia that secretes TSH (5, 6) . It is propagated by subscapular injection of dispersed tumor tissue into hypothyroid mice. When mice with established tumors are administered TH, there is a reduction of TSH secretion (1) and a gradual involution of the tumor (7) . Both effects are reversed upon hormone withdrawal. Therefore, this tumor model can be used to study the mechanism underlying physiological regulation of the thyrotrope cell, specifically its growth inhibition by TH. We have previously shown, using this tumor as an in vivo thyrotrope model, that the inhibition of growth that results from prolonged treatment with either pharmacological or physiological doses of TH, is associated with increased expression of the genes for somatostatin receptor (sst) subtypes 1 and 5 and somatostatin binding sites within the tumor (8, 9) . Similar treatments of TtT-97 tumors with TH also resulted in opposing effects on the steady-state levels of mRNAs encoding the various TRs (7) . TR␤1 levels were up-regulated with TH, whereas those for the pituitary-restricted TR␤2 isoform were downregulated. TR␣1 transcripts were unchanged or modestly decreased, whereas those encoding the nonhormone-binding ␣2 splice variant were down-regulated by TH. The existence of multiple TR isoforms and their differential autoregulation thus complicates an analysis of TH-regulated genes involved in growth. Growth stimulation by TH has long been recognized, as is manifested by the growth retardation and cretinism in humans deprived of TH during development. Patients with resistance to TH due to TR␤ gene mutations and transgenic mice engineered to have similar dominant negative TR␤ genotypes both exhibit growth defects (10, 11) . These data underscore the critical role for TRs in TH regulation of growth and suggest that the inhibition of thyrotrope cell proliferation is also receptor mediated and therefore likely to be exerted at the level of gene expression.
Cell growth is, for the most part, regulated by controlling entry into or exit from the cell cycle. An actively proliferating cell will progress through the various phases of the cycle including the DNA synthesis (S)-phase, mitosis (M)-phase, and eventual cell division. Whether a cell divides or not depends on its capacity to pass a certain irreversible checkpoint, after which it is committed to enter the S-phase. The critical determinant in the pathway that leads to S-phase commitment is the product of the gene encoding the retino-blastoma protein (Rb). In its hypophosphorylated, or active, state, Rb binds to E2F transcription factor complexes and prevents them from activating several target genes required for initiation and progression through S-phase (12) . Thus, phosphorylation of Rb is the key step in cell proliferation and its prevention results in growth arrest. Therefore, TH, acting via its receptor, most probably activates and/or represses the expression of one or more genes that subsequently leads to accumulation of hypophosphorylated Rb. Rb is phosphorylated by cyclin-dependent kinases that are composed of a catalytic subunit (a cdk) and a regulatory component (a cyclin). Different cyclins associate with different cdks to phosphorylate Rb at various stages of the cell cycle. Intracellular levels of cyclins D1, 2, and 3 are dependent on sustained growth factor stimulation and interact with cdk4 and cdk6 to initiate phosphorylation of Rb (13) , whereas cyclin E and cyclin A combine with cdk2 to maintain Rb in a hyperphosphorylated state even after growth factor influences have been withdrawn (14) . A decrease in expression in thyrotropes of one or more of these activating influences by TH would preclude S-phase entry and lead to growth arrest. Conversely, TH induction of one or more members of the Cip/Kip or Ink4 families of cdk inhibitors, which inhibit the activity of cyclin/cdk complexes (15) , would also lead to repression of growth.
In this report, we examined changes in gene expression as a consequence of TH treatment of TtT-97 tumors. Although a period of several weeks (our previously reported treatment time) was required to detect visible changes in mass between tumors treated or not with TH, we reasoned that effects of TH on gene expression would be manifested much earlier, and thus we chose to examine the effect on gene expression 24 h after TH administration. To maximize the number of genes studied, we initially used a high density microarray that contained more than 1,000 different mouse cDNAs comprising several functional categories including many of the cell cycle regulators. Although this approach uncovered several interesting genes, both up-and down-regulated by TH, the majority of the cDNAs on the microarray, including those within the category of cell cycle regulators, were not able to be quantified because of barely detectable hybridization signals. We then used conventional Northern blot analysis to evaluate changes in cell cycle regulators and other growth related molecules as a consequence of TH treatment. Together, the microarray and Northern analyses revealed that the expression of several factors associated with cell proliferation was altered by shorter treatment with TH. These included a limited cyclin/cdk/cdki (cdk inhibitor) array, several relevant growth factors, and their receptors, and other proteins associated with growth regulation as well as programmed cell death.
Materials and Methods

Propagation of thyrotropic tumors and treatment with TH
TtT-97 thyrotropic tumor propagation and maintenance in male LAF1 hypothyroid mice have been described previously (16) . To analyze the effect of TH on gene expression, mice were given a single injection of either TH (l-T 3 at a dose of 10 g/100 g BW) (ϩT 3 ) or vehicle (ϪT 3 ). Twenty-four hours later, animals were anesthetized, weighed, and blood collected after killing by decapitation. Tumors were removed, weighed, and dissected pieces immediately processed for either RNA or protein extraction as described below. For time course studies, animals were killed also at 2 h, 6 h, 10 h, and 48 h following TH injection. In the case of the 48-h time point, a second TH injection of identical dose was administered at 24 h. Analysis of serum samples for TH levels showed that vehicle treated mice were hypothyroid (T 3 levels Ͻ28 ng/dl), whereas those given TH were hyperthyroid with T 3 levels in excess of 170 ng/dl at all times measured.
RNA Northern blot analysis
Total RNA was extracted from TtT-97 tumors excised from vehicleand T 3 -treated mice using the guanidinium isothiocyanate/CsCl gradient method as previously described (17) . Purification of poly(Aϩ)RNA by oligo-deoxythymidine (dT) cellulose chromatography was as described (18) . Four paired sets of either 5-or 10-g aliquots of poly(Aϩ)RNA from vehicle and T 3 -treated tumors were loaded in adjacent lanes of 0.8% denaturing agarose gels along with evenly positioned radiolabeled MW standards (a combination of HindIII digested phage DNA and HaeIII digested (ϫ174 plasmid DNA) and subjected to electrophoresis and Northern blotting to Nytran nylon membranes as described previously (19) . Filters were cut into strips each containing a standard and two lanes with RNA from vehicle-and T 3 -treated tumors, and each strip was hybridized overnight with a different fragment radiolabeled by nick translation using a commercial kit (Life Technologies, Inc.). The source and generation of the various fragments used as hybridization probes is described in the corresponding figure legend. After washing, which included a final stringent treatment at 65 C with 0.1ϫ SSC, the filters were then subjected to autoradiography for a period of time specified in the figure legends. When a desirable exposure was achieved the probe was removed by immersion in boiling 0.1ϫ SSC, 0.1% SDS three times for 15 min. After checking for lack of residual signal by a second exposure to photographic film for an appropriate length of time, the hybridization was repeated with a different probe. Finally, filters were probed with a radiolabeled mouse ␤-actin fragment to check for loading uniformity.
Microarray analysis
Poly(Aϩ)RNA for use in the microarray analysis was prepared in a similar manner as for Northern blotting except that it was subjected to a DNase treatment before oligo(dT) cellulose chromatography. This step was included to ensure that contaminating genomic DNA would not act as a template for the primers used to make the radiolabeled probe for the subsequent microarray hybridization. Samples of total RNA (425 g) were resuspended in 850 l of 40 mm Tris-Cl (pH 7.5), 10 mm NaCl, and 6 mm MgCl 2 , and incubated with 42 U of DNase I (RQ1, Promega Corp., Madison, WI) for 30 min at 37 C to remove residual DNA contamination. Reactions were adjusted to 50 mm EDTA (pH 8) and 1 mg/ml mussel glycogen to terminate the reaction followed by sequential extraction with phenol:chloroform (1:1) and chloroform and ethanol precipitation. Poly(Aϩ)RNA was then purified by oligo(dT) cellulose chromatography as described. Radiolabeled cDNA probes from vehicle-or T 3 -treated tumors were synthesized using Maloney murine leukemia virus reverse transcriptase in the presence of [␣ 32 P]deoxy-ATP and a cDNA synthesis primer mix specific for the Atlas mouse 1.2 array (CLONTECH Laboratories, Inc., Palo Alto, CA) using the conditions specified by the supplier. Probes were purified from unincorporated nucleotides by NucleoSpin columns (CLONTECH Laboratories, Inc.) before use and were denatured by treatment at 68 C for 20 min with 100 mm NaOH, 1 mm EDTA followed by neutralization in 0.5 m sodium phosphate (pH 7.0). Duplicate Atlas 1.2 arrays consisting of 1,176 mouse cDNAs arranged on a nylon membrane were prehybridized in separate hybridization bottles, probes were added to 10 ml Express Hybridization mix (CLONTECH Laboratories, Inc.) supplemented with 1 mg of heat denatured and sheared salmon testes DNA and hybridization continued for 18 h at 68 C using a rotating Fisher hybridization oven. Filters were washed for 4 ϫ 30 min in 2ϫ SSC, 1% SDS and 1 ϫ 30 min in 0.1ϫ SSC, 0.5% SDS followed by autoradiography for 1 and then 8 d. An additional set of duplicate arrays were screened to allow reproducibility of the results from separate RNA samples.
Isolation of whole cell lysates and immunoblot analysis
TtT-97 tumors were excised from hypothyroid or T 3 -treated mice as above, dissected free of connective tissue, finely minced (2-to 3-mm pieces) on ice with a razor blade, and then force-filtered through a 1-mm coarse stainless steel wire mesh using a Cellector tissue sieve (E-C Apparatus Corp.) in 1-2 ml of ice-cold calcium and magnesium-free HBSS supplemented with 10 U penicillin and 10 g/ml streptomycin (HBSS). The filtrate was then passed sequentially through a series of increasingly finer mesh filters (250 m and 70 m) to generate a single cell suspension. Cells were washed 5 times with 50 ml of ice cold HBSS with centrifugation at 4 C (400 ϫ g) between washes. Cell counts were determined with a hemocytometer and cells were resuspended in 1ϫ calcium and magnesium-free Dulbecco's PBS (Life Technologies, Inc., Gaithersburg, MD) at a density of 5 ϫ 10 6 cells/ml. Viable cells were assayed by trypan blue exclusion with viability approaching 90%. Cells were sedimented by centrifugation at 4 C for 10 min (400 ϫ g) and resuspended on ice in TEA-SDS solubilization buffer (55 mm triethanolamine, pH 7.5), 111 mm NaCl, 2.2 mm EDTA, 0.44% SDS, 1 mm DTT, 10 g/ml leupeptin, 1 mm benzamidine, 1 mm sodium orthovanadate, 20 mm NaF, 1 mm PMSF, and a cocktail of protease inhibitors (Complete, Roche Molecular Biochemicals, Indianapolis, IN) at a density of 1.0 ϫ 10 7 cells/ml. After a 10-min incubation on ice, the cells were disrupted by repeated aspirations (7ϫ) through a 21-gauge needle and then with a 25-gauge needle. Cellular debris was removed by centrifugation at 400 ϫ g at 4 C for 15 min. Aliquots were removed for protein determination using the DC Protein Assay (Bio-Rad Laboratories, Inc., Richmond, CA). Lysates were diluted an equal volume of 2ϫ treatment buffer [0.125 m Tris-Cl (pH 6.8), 4% SDS, 20% glycerol, and 10% 2-mercaptoethanol] and boiled for 3 min. Protein extracts were resolved by 10 or 12.5% SDS PAGE and electroblotted at 100 mA overnight at 4 C onto polyvinylidenedifluoride membranes. Membranes were blocked for 90 min with 5% nonfat milk in PBST [10 mm sodium phosphate (pH 7.4), 150 mm NaCl, and 0.1% Tween-20] and immobilized proteins incubated with a rabbit polyclonal p53 antibody (NCL-p53-CM5p, Novocastra Laboratories, Newcastle, UK), at a dilution of 1:5000, overnight at 4 C in blocking buffer, washed five times with PBST followed by incubation with goat antirabbit antibody conjugated to horseradish peroxidase (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at a dilution of 1:3000. For p19ARF detection, membranes were blocked in 10% milk in TBST [10 mm Tris-Cl (pH 8), 150 mm NaCl, 0.1% Tween-20] overnight at 4 C and then incubated with a rabbit polyclonal antibody (NB200-106, Novus Biologicals, Littleton, CO) at a dilution of 1:400 in TBST for 1 h at 25 C, followed by incubation with the antirabbit horseradish peroxidase secondary antibody at a dilution of 1:5000. Loss of the p19ARF signal was verified by coincubating the primary antibody with 50 g of a synthetic 19ARF blocking peptide (Novus Biologicals) in a parallel immunoblot. Specific proteins were detected by a chemiluminescent assay (Amersham Pharmacia Biotech, Piscataway, NJ).
Animal treatment
Studies on LAF1 mice bearing TtT-97 thyrotropic tumors were conducted with the highest standards of humane animal care in accordance with the NIH Guide for the Care and Use of Laboratory Animals. The protocols were approved by the Committee on Animal Care and Use of the University of Colorado Health Sciences Center (Denver, CO).
Results
Changes in thyrotropic tumor gene expression assessed by microarray analysis after treatment for 24 h with TH
As an initial approach to analyze differences in gene expression levels in TtT-97 thyrotropic tumors treated with TH, we used a mouse Atlas high density cDNA expression array (CLONTECH Laboratories, Inc.) consisting of two identical filters containing 1,176 cDNAs encoding known genes of different functional classes, nine housekeeping control cDNAs as well as negative controls. We isolated poly(Aϩ)RNA from TtT-97 tumors grown in hypothyroid mice treated for 24 h with ethanol vehicle and also from similar mice treated with T 3 for 24 h. The RNA from both tumors was reverse transcribed to generate radiolabeled cDNA that was subsequently used for probing the Atlas filters which were autoradiographed and developed after 1 and 8 d of exposure. The resultant hybridization signal was a measure of the expression level of the gene. Differential expression levels of individual genes were examined by comparing the relative hybridization signals from the control and T 3 -treated filters in two separate experiments. Forty-seven major targets of the 1,176 total genes represented on the array, the expression of which was either decreased (40) or increased (7) by TH are shown by numbered arrows in Fig. 1 (ϪT 3 , decreased) and B (ϩT 3 , increased), respectively. As a control for probe equivalence, the intensities of the signals for several abundant housekeeping genes including ␤-actin, glyceraldehyde-3-phosphate dehydrogenase and ubiquitin were shown to be FIG. 1. Expression pattern of 1,176 genes in a microarray used to detect genes in thyrotrope cells regulated in response to TH. Separate microarray filters were hybridized to radiolabeled cDNA generated from poly(Aϩ)RNA isolated from TtT-97 thyrotropic tumors treated with vehicle (ϪT 3 ) or TH (ϩT 3 ) for 24 h. After processing as outlined in Materials and Methods, the filters were subjected to autoradiography at Ϫ80 C for 8 d. The genes represented on the filters are grouped by functional category into quadrants (A-F), as described in Results. Hybridizing signals representing genes down-regulated by TH are designated by numbered arrows in the top panel (ϪT 3 ), whereas those up-regulated by TH are similarly labeled in the bottom panel. Arrows at the bottom of both panels identified with letters U, G, and A point to signals arising from the housekeeping genes ubiquitin, glyceraldehyde 3-phosphate dehydrogenase, and ␤-actin, respectively. similar in the two tumor samples (A, G, and U, respectively, in Fig. 1 ). A listing of the identity of the TH-regulated genes with its GenBank accession number, its corresponding number designation from Fig. 1 , and whether it is up or downregulated by TH is shown in Table 1 . References describing the isolation and characterization of each TH-regulated gene can be found by accessing the appropriate GenBank number shown. As shown in Fig. 1 and described in Table 1 , the 1,176 mouse cDNAs represented on the microarray are arranged in six quadrants (A-F in Fig. 1 ) and comprise products of genes involved in the control of cell surface antigenicity and gene transcription (quadrant A); cell cycle regulation and cell adhesion (quadrant B); extracellular transport and matrix formation, oncogenicity and tumor suppression, stress response, ion transport, trafficking, metabolic and translational processes (quadrant C); apoptosis and signal transduction (quadrant D and E); and finally protein turnover, cytoskeletal motility, and DNA synthesis, repair and recombination (quadrant F). Also in Table 1 is indicated the number of cDNAs represented in each category and the number that were above the limits of detection, even after an 8-d exposure, and thus subject to differential expression analysis. Unfortunately, most if not all of the genes within the cell cycle regulator category fell below the limits of detectability and thus were not analyzable by the microarray methodology. Those that showed the greatest up-regulation by TH (numbers 11, 20, 26, and 39 in Fig. 1) were the signal transduction activator of transcription factor family member (STAT1) (20) , an Na-dependent serotonin transporter (21), a thymic maturation factor, thymosin ␤-4 (22), and Crk-associated substrate, a protein involved in focal adhesion and apoptosis (23) , respectively. In contrast, several genes showed striking suppression by TH (numbers 4, 5, 16, 22, 27, 28, 29, and 45 in Fig. 1 ). These included the neural E-box proteins nHLH1 and neurogenin 3 (24, 25) ; prohormone convertase and its substrate chromogranin B (26, 27) , the ␣-subunit of the TNF family member, inhibin (28) and the neurotropin receptor trkB (29) .
Effect of TH on growth factors and their receptors
The finding that trkB expression was decreased prompted us to further explore the possibility that TH may regulate other growth factors within thyrotropes. Many growth factors have been described as being important in early pituitary development when specific cell types have still not been determined. These include members of the fibroblast growth factor and bone morphogenic protein families of growth factors (30, 31) as well as epidermal growth factor (32, 33) . Because these growth factors are generally involved in the early maturation of all pituitary cell types, we chose initially to focus our studies on those potential growth-regulating factors and their receptors that might be more relevant in thyrotrope cells. We previously reported that transcript levels of TRs and both sst 1 and 5 were altered by TH treatment for 21-28 d (8). We measured mRNA levels, by Northern analysis, for the TR␤ isoforms and both ssts after a shorter 24-h treatment (Fig. 2, A and B ) and showed that 6.4-kb TR␤1 and 2.6-kb sst5 transcripts were up-regulated as before but messages encoding sst1 (3.8 kb), which was previously induced, and TR␤2 (6.4 kb), previously reduced, were unchanged after only 24 h of treatment. This suggests that while the sst5 and TR␤1 genes could be direct targets of TH, sst1 and TR␤2 changes are probably secondary. mRNA encoding preprosomatostatin (ϳ1-kb message), the precursor of the sst ligand, was present in the tumor (Fig. 2C) , suggesting an autocrine/paracrine loop. However, its level was not changed by TH treatment for 24 h (Fig. 2C) . Another potential candidate involved specifically in thyrotrope cell growth is TRH, which has been shown to be expressed in (34) and secreted by (35) the pituitary gland. Although well characterized as a secretagogue and regulator of gene expression (36) , its role as a growth factor is still controversial, although earlier data suggested that it increases the proliferation of anterior pituitary cells (37) and specifically of thyrotropes (38) . To address the role of TRH in the thyrotrope model, we obtained cDNA probes for preproTRH and both TRH receptors; TRHR1 (39) , and the recently characterized TRHR2 (40) and examined their expression and regulation by TH in TtT-97 tumors by Northern blots. Despite prolonged autoradiographic exposure, we were unable to detect appropriately sized transcripts of 1.6 kb encoding mouse preproTRH (41) in RNA samples from either hypothyroid or TH-treated TtT-97 tumors (not shown). However, two transcripts encoding TRHR1 of 4.3 and 1.8 kb were present and decreased by TH in TtT-97 tumors (Fig. 3A) , whereas a 2.5-kb mRNA for the TRHR2 isoform was unaffected (Fig. 3B) . Differently sized transcripts encoding mouse TRHR1 have not been reported, although there is evidence in the murine species for splicing within the 3Ј untranslated region (42) . Another growth factor potentially involved in the growth of thyrotropes is the neurotrophin brain-derived neurotrophic factor (BDNF), which specifically acts through the trkB receptor (43) whose transcripts were decreased in the earlier microarray analysis (Table 1) . Interestingly, BDNF expression within the pituitary gland appears to be restricted to TSH staining cells (44) . When we used Northern blotting to examine the transcript levels of both BDNF and its receptor trkB in TtT-97 tumors following TH treatment for 24 h, we found that levels of both the 3.9-kb and 2-kb messages due to different polyadenylation sites (45) corresponding to BDNF were reduced in abundance by TH (Fig. 4A) , whereas only one transcript (ϳ2.5 kb) of four detectable trkB mRNAs was significantly decreased (Fig. 4B) . Figure 5 shows that levels of mRNAs encoding TRHR1 and BDNF are already reduced by 6 h, and possibly also by as early as 2 h, of TH treatment, suggesting that they could be primary targets of TH. TrkB transcripts, specifically the 2.5-kb species, are also modestly decreased by TH at these early time points. Therefore, again we see that TH decreases the expression of genes encoding a mitogen receptor and its ligand in our thyrotrope model suggesting that BDNF synthesized within the pituitary gland, in addition to TRH from the hypothalamus, could be contributing to thyrotrope cell expansion in the hypothyroid state.
Effect of TH on the cell cycle regulators
During the G1 phase of the cell cycle, cells respond to extracellular cues such as the previously described growth factors that determine whether they will make the decision The differential expression analysis generated in this table was from comparative microarrays using RNA generated from tumors excised from one hypothyroid mouse and one T 3 -treated mouse as shown in Fig. 1. to enter the S-phase, replicate their DNA, and ultimately divide. Alternatively, if these cues are withdrawn or inhibited, the cells will exit the cell cycle and growth will be arrested. We wanted to see whether TH, in addition to increasing TR␤1 and sst5 and reducing the effect of extracellular mitogens such as BDNF and TRH, also affected the expression of the genes encoding cell cycle regulators and thus lead to more sustained growth arrest in TtT-97 thyrotropes. Because the microarray analysis did not prove useful for the cell cycle molecules because of detection limitations, we obtained mouse cDNA coding for several molecules involved in cell cycle control and performed Northern blot analyses to determine whether the level of their transcripts changed with TH treatment. We examined the mRNA transcript levels of 4 cdks (2, 4, 5, 6), 6 cyclins (D1-3, E, A1 and A2), and 7 cdki (p15, p16, p18, p19, p21, p27, and p57) 24 h after TH treatment. Of the cdks, the expression of 1.9-kb cdk4, 1.6-kb cdk5, and 2.6-kb cdk6 mRNAs was unaffected (Fig. 6) . However, levels of a 2.5-kb transcript encoding cdk2 were dramatically down-regulated by TH (Fig. 6 ). When we analyzed cyclin transcripts (Fig. 7) those encoding cyclin D3 (2.3 kb) and cyclin E (2.1 kb) were not changed. Although we saw modest changes in a 4.2-kb cyclin D1 mRNA, which was slightly reduced, and a 6.8-kb cyclin D2 transcript, which was moderately increased, the greatest effect was on both cyclins A1 and A2 where a 1.8-kb (A1) and 3-and 1.9-kb (A2) mRNAs were markedly reduced by TH (Fig. 7) . Therefore, it
FIG. 2. Effect of TH on transcripts encoding TR␤ isoforms (A), somatostatin receptors 1 and 5 (B), and preprosomatostatin (C).
Five micrograms of poly(Aϩ)RNA isolated from TtT-97 tumors excised from mice treated with vehicle (ϪT 3 ) or TH (ϩT 3 ) for 24 h were size fractionated on denaturing agarose gels, transferred to nylon membranes, and incubated overnight with the following 32 P-labeled DNA fragment hybridization probes. A, Probes for mouse TR␤1 and TR␤2 were fragments G and H, respectively, described in Wood et al. (17) . B, Preparation of probe comprising full length coding region cDNAs for rat sst5 and mouse sst1 was as previously described (8) . C, A fragment corresponding to a 361-bp sequence of the mouse preprosomatostatin coding region (98) was amplified from TtT-97 poly(Aϩ)RNA using RT-PCR and the following sense and antisense primers; 5Ј GGGAGATGCTGTCCTGCCGTCTCCAGTG 3Ј and 5Ј TA-AAGCTAACAGGATGTGAATGTCTTCCA 3Ј. Following insertion into pCR2.1 (Invitrogen, Carlsbad, CA) it was reexcised with EcoRI and used as a hybridization probe. Autoradiographic exposure at Ϫ80 C for both TR␤1 and TR␤2 was for 6 d, sst5 for 5 d, sst1 for 4 wk and preprosomatostatin for 2 d. Signals were stripped and reprobed with a mouse ␤-actin fragment that was subjected to autoradiography as before for 4 -24 h. Radioactive bands corresponding to specific mRNAs are shown labeled with arrows denoting their approximate sizes in kb, derived using molecular weight standards loaded in a parallel lane.
FIG. 3. Effect of TH on transcripts encoding TRH receptor isoforms TRHR1 (A) and TRHR2 (B)
. Ten micrograms of poly(Aϩ)RNA from vehicle (ϪT 3 ) and TH-treated tumors (ϩT 3 ) were analyzed by Northern blotting as described in Fig. 2 . Probes for both mouse TRHR 1 and 2 isoforms were excised from plasmids provided by Dr. M. Gershengorn. Autoradiography was for 19 h.
FIG. 4. Effect of TH on transcripts encoding BDNF (A) and its receptor trkB (B)
. Five micrograms of poly(Aϩ)RNA were isolated from vehicle and TH-treated tumors and analyzed as described in Fig. 2 . Full-length coding region probes for mouse BDNF and trkB were excised from plasmids supplied by Drs. K. Jones and L. Reichardt, respectively. Filters were exposed to photographic film for 4 wk (BDNF) and 18 h (trkB).
appears that thyrotrope growth is predominantly driven by cyclin A activation of cdk2 and that down-regulation of this cell cycle pathway is a major target of TH regulation. When cdkis were examined only a single 2.2-kb transcript encoding p57 of the Cip/Kip family, which specifically inhibits cdk2 (46) , was down-regulated by TH (Fig. 8A) ; the others, a 2.3 kb p21 mRNA and two p27 messages of 4.5 and 2.4 kb, were not changed at the transcript level. Of the INK4 proteins that preferentially inhibit cdk4/6 (47), a 1-kb p16 mRNA, two p18 transcripts of 2.3-and 1.1-kb p19 mRNA were unaffected, whereas a 1.9-kb transcript encoding p15 was significantly stimulated by TH (Fig. 8B) .
We carried out a time course to see when TH-induced changes in cell cycle regulator expression were first detected. We previously demonstrated that the steady-state levels of mRNAs for the TSH␤ and ␣-subunit, which are known to be regulated at the level of transcription by TH in TtT-97 tumors (2), were significantly decreased within 4 h of TH treatment (48) . Figure 9 shows that of those cell cycle regulators that were affected by 24 h (cdk2, cyclin A1 and A2, and cdk inhibitors p15 and p57), a change in transcript levels was not seen at 2 h or 6 h, suggesting that, unlike the situation described earlier for TRHR1, BDNF and trkB (Fig. 5) , the genes coding for these more ubiquitous cell cycle regulators are not likely to be direct targets of TH.
Interestingly, the p16 gene alternate transcript, p19ARF, was strikingly induced by TH treatment. This is shown as a 1.1-kb minor band above the p16 band in Fig. 8B . To verify the identity of this unexpected TH-responsive gene, we prepared a p19ARF-specific probe by PCR, amplifying the unique 5Ј exon (49) , and repeated the analysis. A single band of 1.1 kb is now shown dramatically appearing within 24 h of TH treatment in Fig. 10A . When we looked to see when the signal was first detected, it was not visible at 2 h or 6 h, but a signal was detectable at 10 h and was further increased at 24 h (Fig. 10B) , again suggesting it was not a direct target of TH. Because the classical role for p19ARF is to sequester mdm2 to the nucleolus (50) and thus stabilize p53, enabling it to activate many genes involved in growth arrest and apoptosis (51), we examined the levels of p53 protein after TH treatment. Figure 11A shows that a 53-kDa protein present in TtT-97 cell extracts and recognized by Western analysis using a p53 antibody is not changed in amount at 24 or even 48 h after TH treatment, suggesting that p19ARF may be contributing to TH mediated inhibition of thyrotrope growth in a p53-independent manner. Protein levels of p19ARF, also measured by Western blotting using specific antibodies, emerged after 10 h of TH treatment and increased even further at 24 h (Fig. 11B ), in parallel with the message levels (Fig. 10B) . It was reported recently that p19ARF protein levels were increased in mouse embryo fibroblasts by inducing expression from a conditionally active B-Raf allele (52) . However, steady-state levels of B-Raf transcripts, which were detectable on the microarray, were not affected by TH treatment. We also looked at TH's effect on the transcript levels of other cell cycle proteins. These included 4-and 2.3-kb Rb transcripts, a single 1.3-kb c-myc message, and a 3-kb mRNA for mdm2, all of which were not affected by TH (Fig. 12) and E2F1, an E2F family member, where 2.5-and INK4 (B) families. Northern analysis was carried out as described in Fig. 2 using 10 g of poly(Aϩ)RNA for p18 and 5 g for the remaining Northerns. Mouse cdk inhibitor probes used for hybridization were excised from vectors obtained from the following investigators; Dr. Sherr (p15, p16, and p19), Dr. Zhang (p21, p27, and p57), and Dr. J. DeGregori (p18). Exposure times were 2 d (p18, p19 and p57), 3 d (p16 and p27), and 4 d (p15 and p21). Fig. 5 . A region specific for the unique N-terminal exon of mouse p19ARF (49) was amplified from purified TtT-97 mouse genomic DNA by PCR using the following sense and antisense primers; 5Ј ATGGGTCGCAGGTTCTTGG 3Ј and 5Ј CTG-GTCCAGGATTCCGGTG 3Ј. Following cloning into PCR2.1 (Invitrogen), it was excised with EcoRI and used as a p19ARF-specific hybridization probe on both filters. Autoradiographic exposure was for 3 d for both A and B.
2.2-kb transcripts were noticeably down-regulated by TH (Fig. 12) .
Effect of TH on other genes expressed in thyrotropes
Other genes whose expression and response to TH in thyrotropes we have studied are neuronatin, which was first described as being highly expressed in developing brain but declined in abundance following birth (53) and PB-cadherin, a novel member of the cell adhesion family of cadherins expressed only in the brain and pituitary gland (54) . Both were shown to be present in a TSH-expressing cell line (T␣T-1) but not in a precursor cell line (␣T-1), which expressed only the ␣-subunit but had not yet committed to either the thyrotrope or gonadotrope phenotype (55) . As shown in Fig. 13A , the levels of a 1.4-kb neuronatin mRNA were dramatically increased in the thyrotrope tumor with TH administration and a shorter time course showed that this increase could be first detected as early as 2 h and was significantly increased by 6 h (Fig. 13B) . When we measured levels of PB cadherin mRNA, a 4.4-kb transcript was decreased in amount by 24 h after TH treatment (Fig. 14A) , and this was also shown to occur rapidly as its level was already lowered by 2 h (Fig. 14B) . Therefore, neuronatin and PB cadherin are excellent candidates for thyrotrope-restricted primary targets for TH. However, their role in growth arrest, if any, remains undefined.
Discussion
The molecular mechanism underlying thyroid hormone control of thyrotrope cell proliferation is poorly understood.
As an initial approach to shed light on this important function of TH, we used the TtT-97 tumor model of thyrotrope hyperplasia and have identified, using a microarray approach, together with conventional Northern blotting, multiple genes whose expression is regulated by TH. Our analyses looked at times of TH treatment of 24 h or less, as we reasoned that although several weeks of treatment was necessary to see changes in tumor mass, TH action via its receptors, in keeping with their role as ligand-dependent transcription factors, was probably being exerted as early as a few hours following administration. Although our original intent was to examine TH's effects on growth, we decided, in order not to overlook potentially important genes, to cast a wide net and to adopt a high density microarray approach with more than 1,000 genes. However, this strategy proved disappointing for analyzing important proteins relevant to cell proliferation including growth factors and cell cycle regulators that were either not represented on the filters or below the levels of detectability.
Potential autocrine growth stimulatory pathways shown to be present in pituitary thyrotrope-derived cells are those for TRH and BDNF (34, 35, 44) , and indeed we show abundant transcripts encoding BDNF and its receptor, trkB, as well as the major TRH receptor (TRHR1) in the thyrotrope tumor model and these are all down-regulated by TH (Figs.  3 and 4) . Although not shown specifically in thyrotropes previously, expression of both BDNF and trkB in brain (56, 57) , and TRHR1 in the pituitary (58) , has been demonstrated to be regulated by thyroid hormone status and, in fact, in the case of trkB this has been shown to be at the promoter level in transient transfection studies in neuroblastoma cells (57) . Therefore, withdrawal of positive growth stimuli by decreasing the expression of critical components of stimulatory pathways most likely is playing a role in the inhibition of thyrotrope growth by TH.
Inhibition of cell growth mediated through sst5 has been shown to result in a reduction of intracellular cAMP levels (59, 60) , as well as induction of hypophosphorylated Rb, leading to inactivation of E2F transcription factors and cell cycle arrest (61) . Although inhibition of thyrotrope cell proliferation by dephosphorylation of Rb could be potentially being mediated through increased sst signaling by THinduced expression of sst5 (8) (also shown in this report), the phosphorylation state of Rb, the major determinant of cell cycle progression, is mainly controlled by the prevailing expression levels of cell cycle regulators, the cyclin-dependent kinases (cdks), and their regulatory activators (cyclins) and inhibitors (cdkis). When we looked at the effect of TH on the expression of these growth controllers in the thyrotrope model, we were intrigued to find that only a limited subset of each of these regulators was affected by TH. Of the cdks examined, only cdk2 expression was down-regulated by TH (Fig. 5 ), as were both cyclin A isoforms (Fig. 6 ). In addition, only one member of each family of inhibitors, p15 of the Ink4 family was up-regulated, whereas p57 of the Cip/Kip family was down-regulated by TH (Fig. 7) . TH decreased Cdk2 activity by activating the expression of p27 and c-myc leading to growth arrest of a neuroblastoma cell line (62) . Increases in both p27 and p21 expression were also reported to occur in chondrocytes induced to terminally differentiate with TH (63). In this report p27, p21 and c-myc expression were unaffected by TH (Figs. 7 and 11 , respectively) suggesting an alternate mechanism for TH in thyrotrope cell growth inhibition. Interestingly, in two models of TH stimulation of growth, liver repopulation, and GC pituitary cells, cdk2 expression was shown to be increased (64, 65) . TH-stimulated GC cell growth was also associated with changes in cyclin E and D1 expression (64), which was not the case for thyrotrope cells in this study. Although there are no published reports of effects of TH on cyclin A or the two cdki regulated in this report (p15 and p57), it has been shown that TH increases the promoter activity of mdm2 (66), which directly activates cyclin A expression (67) . Again in the TtT-97 thyrotrope model, we saw no change in mdm2 transcripts with TH treatment (Fig. 11) . However, we did observe a dramatic induction of transcripts and protein corresponding to p19ARF (Figs. 9 and 10) , which can interact with and sequester mdm2 to the nucleolus (50), thus nullifying its activation of the cyclin A promoter. Surprisingly, this putative sequestration of mdm2 by p19ARF did not result in increased p53 stability (68), as we did not see an increase in p53 protein levels even after 48 h of TH treatment (Fig. 10) . Thus, p19ARF may be acting through a p53-and perhaps even mdm2-independent pathways, to arrest the growth of thyrotrope cells as is suggested by studies showing that reintroduction of exogenous p19ARF into fibroblasts from p53/mdm2/ p19ARF null mice results in cell cycle arrest (69) . Thus, a model for TH inhibition of thyrotrope growth can be envisaged whereby cyclin A/cdk2 complexes, which are required for maintenance of S-phase progression, are greatly reduced. Furthermore, cyclin E, although not affected by TH (Fig. 7) , is rendered ineffective as the kinase it activates, cdk2, is deficient in its ability to form a functional complex. The cyclinD/cdk4/6 complex components, which again are not affected at the expression level by TH, can be inactivated by potential withdrawal of TRH and BDNF growth stimuli as a result of decreases in expression of BDNF and the receptors for both BDNF (trkB) and TRH (Figs. 3 and 4) . Further destabilization of cyclinD/cdk4 complexes can also be brought about by reduction in Cip/Kip family members such as p57, which have recently been shown to be required for these complexes to assemble (70) . In addition, remaining cdk4/6 activity can be directly inhibited by the increased p15 levels as members of the Ink4 family specifically affect these kinases (15) . Finally, we showed that TH treatment also reduces transcripts for E2F1 that, along with its dimerization partner DRTF1 earlier shown by microarray to be reduced, would result in a decrease in transcription of genes required for DNA replication (71) . A suppression of E2F1 promoter activity by TH in transfected embryonal carcinoma cells has recently been reported (72) . A model consistent with growth arrest as a result of the above gene expression changes induced by TH is shown in Fig. 15 .
Although inadequate for the assessment of classical cell cycle genes, the microarray strategy did uncover several interesting genes previously not reported to be expressed in the pituitary gland or to be targets of TH regulation and whose altered expression might be playing a role in mediating growth arrest in the thyrotrope. Perhaps not surprisingly, several of the genes identified as TH responsive are neural or neuroendocrine in origin and some have been reported to be associated with cell adhesion and calciummediated growth regulation, particularly via Wnt signaling, which regulates cell polarity and specification of cell fate (73) . Among those down-regulated by TH were cadherin 4, NPRAP (␦-catenin), the protease nexin I, semaphorins, and calpactin light chain, all of which are expressed during neurite outgrowth (74 -78) . In addition, two Wnt receptor homologs (frizzled 3 and 6) were also down-regulated, which along with catenins and cadherins are intermediates in Wnt signaling pathways (73) . Regulation of Wnt pathway components was recently reported in GC cells after TH stimulation of growth (79) . Calmodulin, a calcium-dependent kinase, which stimulates cdk2 and Rb phosphorylation as well as cyclin A expression (80) , was decreased by TH. The expression of other growth-associated proteins including the ␣-subunit of inhibin, a member of the transforming growth factor ␤ superfamily (81) and defender against cell death protein DAD1, an antiapoptotic factor (82), was also repressed by TH. Unexpectedly, two genes involved in protection against apoptosis in neurons, PEP19 (83) and Crkassociated substrate, which is also a substrate for focal adhesion kinase (84) , were up-regulated by TH. Thus, apoptosis may not be playing a major role in tumor regression at least at early times following TH treatment. Future studies will address the role of apoptosis pathways at later times when tumor involution is more noticeable. Other signal transduction molecules affected by TH were ryk, a nonclassical tyrosine kinase (85) involved in stimulating the STAT1 pathway (86) , which was down-regulated and STAT1 itself, an apoptosis initiator (87), which was increased by TH. The expression of several brain-specific transcription factors was considerably decreased by TH including neurogenin 3, which colocalizes with neurons that stain positive for the proliferation marker Ki67 (88) and nHLH1 whose misexpression is associated with neuronal cell death (89) , again a puzzling example of TH regulation in an unexpected direction. Finally, a neuroendocrine protease (PC1) responsible for prohormone cleavage, which was previously reported to be TH regulated (90) , and two of its substrates, chromogranin B and C (also known as secretogranin II) were all decreased with TH. Chromogranins have been described in thyrotropes and TSH adenomas (91, 92) , and they have been reported to increase their expression in response to epidermal growth factor and basic fibroblast growth factor (93) and through a cAMP-stimulated pathway (94) . A TH-induced reduction in cAMP levels as discussed above could also be a direct consequence of decreased expression of adenyl cyclase type 6 seen on the microarray (Table 1) .
Except for TRHR1 and BDNF and its receptor trkB, which are likely regulated by TH at the level of transcription even in thyrotrope cells as shown by their more rapid response to TH (Figs. 3 and 4) , the other regulated genes, specifically the cell cycle genes, which are expressed in many cell types whose growth is not regulated by TH, are probably not primary targets of TH ,which is also suggested by their later response (Ͼ6 h, see Fig. 8 ). A possible candidate is sst5, although it is expressed in other cell types whose growth is not inhibited by TH (60) . It is therefore likely that the key primary targets of TH are genes that display an expression pattern mainly in thyrotropes and that respond rapidly to TH indicative of a transcriptional effect. Two genes that meet these criteria are those encoding neuronatin and PB cadherin, which we showed were changed in expression, albeit in opposing directions, within 2 h of TH administration (Figs. 12 and 13). Both are restricted to only the brain and pituitary gland (54, 95) . Neuronatin expression declines in the brain after birth (96) leaving the pituitary as the only adult tissue where it is expressed, and PB cadherin showed evidence of pituitary-specific transcripts (54). Furthermore, both were shown, by subtractive hybridization analyses, to be present in a TSH-expressing cell line but not in an ␣-subunit expressing precursor cell line (55), possibly implying mature thyrotrope specificity. A unique cadherin could play a role in modulating a specific Wnt pathway unique to thyrotropes, whereas neuronatin, a small proteolipid related to phospholamban, a subunit of a Ca 2ϩ -ATPase (97), may be modulating a thyrotrope-specific calcium-dependent signal transduction pathway. Obviously, further studies will be necessary to elucidate the function of these poorly characterized, but intriguing, TH-regulated genes. FIG. 15 . Schematic illustrating the effects of TH on the cell cycle in thyrotropes. Shown is a pictorial representation of the cell cycle (comprising G1-, S-, G2-, and M-phases) and the various cell cycle regulators that impact it in the absence (Growth Progression) and the presence of TH (Growth Arrest). The size of the type reflects the relative abundance of the various molecules in the two states based on the gene expression levels determined in the current report. The various cyclins are abbreviated to a single letter (A, D, and E) symbolizing all isoforms. Arrows denote positive effects, whereas blocked lines represent inhibitory influences and the size of each represents the magnitude of the influence on the molecules that they impinge upon. The X on the cycle on the right denotes that progression through S-phase is blocked.
